The activity coefficients at infinite dilution, γ 1,2 ∞ , of 47 solutes including various (cyclo)alkanes, alkenes, alkynes, aromatic hydrocarbons, alcohols, water, thiophene, ethers, aldehydes, and ketones, in the four ionic liquids (ILs) decyl-(trimethyl)ammonium bis(trifluoromethylsulfonyl)imide, methyl(tributyl)ammonium bis(trifluoromethylsulfonyl)imide, octyl-(trimethyl)ammonium bis(trifluoromethylsulfonyl)imide, and tetraoctylammonium bis(trifluoromethylsulfonyl)imide, were measured using inverse gas chromatography at temperatures from (323 to 343) K. The retention data were also converted to gas-to-IL and water-to-IL partition coefficients using the corresponding gas-to-water partition coefficients. Both sets of partition coefficients were analyzed using the modified Abraham solvation parameter model. The derived equations correlated the experimental gas-to-IL and water-to-IL partition coefficient data to within average standard deviations of 0.100 and 0.133 log units, respectively.
' INTRODUCTION
Next generation ionic liquids (ILs) have spawned considerable interest over the past decade owing to their unique physical properties and designer solvent qualities. Indeed, each year witnesses a considerable rise in the number of applied and issued patents centered around employing ILs as advanced solvent media. ILs are popular solvent choices for manufacturing applications involving nanomaterials and organic synthesis, as chromatographic stationary phases for chemical separations, as extraction solvent systems for the removal of aromatic nitrogen and sulfur compounds from coal and petroleum feedstocks, and more recently, as solvents for lignocellulosic biomass processing used to produce liquid fuels from agricultural wastes and wood feedstocks. Select alkylimidazoliumbased ILs have exhibited large selectivities for carbon dioxide over other gases, making them ideally suited for the removal and recovery of carbon dioxide from mixed gases. Saravanamyrugan et al. 1 have further demonstrated that ILs can be tuned by design to perform as selective, high-density absorbents for removal of sulfur dioxide, nitric oxide, and/or carbon dioxide from industrial flue gases. Such selectivity is typically achieved by functionalization of the cation and/or anion. Presently, more than 10 3 different ILs are commercially available, although the number of cationÀanion combinations is of course staggeringly larger, in excess of 10 14,2,3 Obviously, it is not feasible to experimentally study a large number of possible cationÀanion combinations in any meaningful way. Consequently, the development of predictive methods is indispensible to navigate this vast chemical space and select the most appropriate IL for a given task.
This study is a continuation of our investigations regarding the thermodynamic properties of solutes dissolved in IL solvents. In previous papers, 4À10 we have shown that the introduction of polar side chains within ions comprising the IL exerts pronounced influence over the interaction with solute species present in mixtures containing the IL. Short polar chains present in imidazolium-based ILs, for example, increased the selectivity toward mixtures containing {alcohol + aliphatic} or {aromatic + aliphatic} solutes. The present work is focused on the solvent character of four "unfunctionalized" (i.e., aliphatic) tetraalkylammonium-based ILs, methyl(tributyl)ammonium bis(trifluoromethylsulfonyl)imide, [MB 3 Figure 1) , to determine what role (if any) the distribution of alkyl chain lengths play in the IL solvent's ability to dissolve select classes of organic compounds. These experimental data provide a benchmark for strategic future studies involving functionalized tetraalkylammonium-based ILs sporting polar alkyl chain substituents.
The Abraham solvation parameter model provides a convenient mathematical means to quantify and compare the solubilizing character of different solvent media using terms that represent the various types of soluteÀsolvent interactions. The magnitude of the different soluteÀsolvent interactions depends upon the hydrogen-bonding, electron-withdrawing, electron-donating, and aromatic functional groups contained in the molecules. Mathematical correlations based on the Abraham general solvation parameter model for the gas-to-solvent, K L , and water-to-solvent partition coefficients, P,
have been reported for 26 different anhydrous ILs 11À22 and for two practical water-to-IL partition systems. 23 In eqs 1 and 2, the independent variables (descriptors) are properties of the neutral solute as follows: E is the solute excess molar refraction in cm 3 3 mol
À1
/10, S is the solute dipolarity/polarizability, A and B are the overall solute hydrogen bond acidity and basicity, V is McGowan's characteristic molecular volume in units of cm 3 3 mol À1 / 100, and L is the logarithm of the gas-to-hexadecane partition coefficient at 298 K. The regression coefficients and constants (c, e, s, a, b, v, and l) are obtained by regression analysis of experimental data for a specific process (i.e., a given partitioning process/system). In the case of processes involving two condensed solvent phases, the c, e, s, a, b, v, and l coefficients represent differences in the solvent phase properties. For any fully characterized system/process (those with calculated values for the equation coefficients), further values of log P and log K can be estimated with known values for the solute descriptors.
Partition coefficient correlations based on eqs 1 and 2 are specific to a given IL. Sprunger et al. 24À26 modified the Abraham solvation parameter model
by expressing each of the six solvent equation coefficients as a summation of their respective cation and anion contribution. In separating the equation coefficients, the authors make the assumption that a solute's interaction with a given cation is not influenced by the associated IL anion, and conversely that the solute's interaction with a given anion is not influenced by the surrounding IL cation. The major advantage derived from splitting the equation coefficients into individual cation-and anion-specific contributions is that it allows one to make predictions for additional ILs for which the cation-and anion-specific coefficients are known. À , was performed similarly using twice-recrystallized bromide salts of the corresponding ammonium parents sourced from Sigma-Aldrich in g 98 % purity. In all cases, the materials obtained were clear, nearly colorless fluids with purities better than 99.8 wt % based on thermogravimetric analysis 29 and verified by NMR spectroscopy.
Each IL was further purified by subjecting the liquid to a very low pressure of about 5 Pa at about 343 K for approximately 24 h. Next, packed columns are conditioned during 12 h. We assume that this procedure removed any volatile chemicals and water from the IL and Chromosorb. Beyond this soft thermal treatment, which has been shown to attain low water content in the (10 to 60) ppm range for a series of conventional imidazolium-, ammonium-, and pyrrolidinium-type ILs, 30 no further attempt was made to analyze for impurities within the ILs. Densities and other physical properties of the ILs have been reported previously. 27 Test solutes were purchased from Aldrich at a purity g 99.5 % and were used without further purification because our gasÀliquid chromatography technique efficiently separates any impurities on the column.
Apparatus and Experimental Procedure. Inverse chromatography experiments were carried out using a Varian CP-3800 gas chromatograph equipped with a heated on-column injector and a flame ionization detector. The injector and detector temperatures were kept at 523 K during all experiments. The helium flow rate was adjusted to obtain adequate retention times. Methane was used to determine the column hold-up time. Exit gas flow rates were measured with an Alltech Digital Flow Check mass flowmeter. The temperature of the oven was measured with a Pt100 probe and controlled to within 0.1 K. A personal computer directly recorded detector signals, and the corresponding chromatograms were obtained using Galaxie software.
Columns packed to 1 m lengths, containing from (15 to 35) % of stationary phases (IL) on Chromosorb WHP (60À80 mesh), were prepared using a rotary evaporation method. After evaporation of the chloroform in vacuo, the support was equilibrated at 333 K during 6 h. Before measurement, each packed column was conditioned for 12 h at 363 K at a flow rate of 20 cm 3 3 min
. The mass of the packing material was calculated from the mass of the packed and empty column and was checked during experiments. The masses of the stationary phase were determined with a precision of ( 0.0003 g, which would correspond to less than a 0.1 % relative uncertainty in the mass of the IL in the packed column. A volume of the headspace vapor of samples of (1 to 5) μL 
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ARTICLE was introduced to meet "infinite dilution" conditions. Each experiment was repeated at least twice to validate the reproducibility. Retention times were generally reproducible to within (0.01 to 0.03) min. To check stability under our experimental conditions, such as the possible elution of the stationary phase by the helium stream, measurements of retention time were systematically repeated every day for three selected solutes. No changes in the retention times were observed during this stability study.
' THEORETICAL BASIS
The retention data determined using inverse chromatography experiments were used to calculate partition coefficients for each solute in the IL. The net retention volume, V N , was calculated from the following relationship:
The adjusted retention time t R 0 was taken as a difference between the retention time of a solute and that of methane, T col is the column temperature, U 0 is the flow rate of the carrier gas measured at the room temperature (T r ), and P w o is the vapor pressure of water at T r . P i and P 0 are, respectively, the inlet and outlet pressures.
The activity coefficient at infinite dilution of solute "1" in the IL "2", γ 1,2 ∞ , was calculated with the following expression:
Here, n 2 is the mole number of the stationary phase component inside the column, R is the ideal gas constant, T is the temperature of the oven, B 11 is the second virial coefficient of the solute in the gaseous state at temperature T, B 13 is the mutual virial coefficient between the solute ("1") and the carrier gas helium ("3"), and P 1 0 is the probe vapor pressure at temperature T.
Partition coefficients, K L , may be then calculated from the activity coefficients at infinite dilution, γ 1,2 ∞ , using the following equation:
Thermodynamic properties of pure solutes needed for these calculations can be found in a previous work.
' RESULTS AND DISCUSSION
The errors in the experimental determination of activity coefficient are evaluated to be about 3 %. For all ILs studied in this work, no interfacial adsorption was observed while the average relative standard deviation between data sets obtained from different packed columns was (3 to 4) %. Experimental activity coefficients at infinite dilution and gas-to-IL partition coefficients calculated using eqs 3 to 7 are listed in Tables 1 to 8 . Most solutes were found to be more soluble in the tetraalkylammonium ILs than in dialkylimidazolium ILs. Activity coefficients at infinite dilution for most organic compounds decreased with an increase in temperature. Naturally, the solubility of apolar compounds increases with an increase in the alkyl chain length grafted onto the ammonium cation. For compounds containing the same number of carbon atoms but originating from different 
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The measurements conducted during this research offer an important means to assess the suitability of these tetraalkylammonium ILs as solvents in various separations. This is achieved through the calculation of the selectivity, S 12 ∞ , and capacity, k 1 ∞ , values at infinite dilution:
In eq 8 γ 1/RTIL ∞ and γ 2/RTIL ∞ denote the infinite dilution coefficients of the solutes 1 and 2 in the IL solvent. Selectivities and capacities at infinite dilution are reported in Table 9 for four separation problems at 323.15 K: hexane/benzene, hexane/ methanol, hexane/thiophene, and cyclohexane/thiophene. With regard to aliphatic/aromatic separations, these results indicate that tetralkylammanium are poor choices compared to imidazolium ILs. The selectivities obtained using ammonium-based ILs (between 3 and 9) are lower than classical solvents used industrially such as sulfolane (S hexane/benzene = 30.5), dimethylsulfoxide (S hexane/benzene = 22.7), and N-methyl-2-pyrrolidinone (S hexane/benzene = 12.5). 38 Nevertheless, a better capacity and selectivity may be obtained by a moderate lengthening in the alkyl chain grafted to the ammonium cation. Indeed, long alkyl chains grafted on the cation are known to increase the capacity, while being detrimental to selectivity. Although the results presented for these specific tetraalkylammonium ILs do not suggest that they will not attract particular interest for these separation problems, that it not to say that they will not be ideal for others.
Linear Solvation Energy Relationship (LSER) Characterization. The experimental data measured here can be used to calculate the Abraham model ion-specific equation coefficients for the methyl(tributyl)ammonium, octyl(trimethyl)ammonium, decyl(trimethyl)ammonium, and tetraoctylammonium cations for both the gas-to-IL (see eq 1) and water-to-IL (see eq 2) partitioning processes. The log P values for partition from water to the IL are calculated through eq 10
and require knowledge of the solute's gas phase partition coefficient into water, K W , which is available for most of the solutes studied.
11,12
Water-to-IL partition coefficients calculated through eq 8 pertain to a hypothetical partitioning process involving solute transfer from water to the anhydrous IL. Log P values calculated in this manner are still quite useful in that predicted log P values can be used to estimate the solute's infinite dilution activity coefficient in the IL. For convenience, we have tabulated in the last two columns of Tables 1,  3 The 44 experimental log K L and log P data in Table 1 Table 10 , where N denotes the number of experimental values used in the regression analysis; SD refers to the standard deviation; R 2 is the squared correlation coefficient; and F corresponds to the Fisher F-statistic. The standard errors in the calculated coefficients are given in parentheses immediately below the respective value. The e 3 E term 
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ARTICLE was found to negligible in the log P correlation (e = À0.023) so it was removed from the final derived correlation. Solute descriptors used in the analysis are listed in Table 11 . Both equations provide a very accurate mathematical description of the log K L and log P values for organic solutes dissolved in [MB 3 
ARTICLE experimental uncertainty in the log K w values used to convert the measured log K L data to log P.
As noted above, each of the calculated equation coefficients corresponds to the sum of the respective cation-specific and anionspecific contributions. In establishing the computational methodology, the equation coefficients for the [Tf 2 N] À anion were set equal to zero to provide a reference point from which all equation coefficients would be calculated. 28À30 A reference point is needed because the cation-and anion-specific equation coefficients are generated as a paired set. The log K L and log P equation coefficients for [MB 3 À anion were defined to be zero, as discussed above. The experimental log K L and log P data in Tables 5 and 7 
